Nitrogen implantation into amorphous carbon has been studied at various implantation temperatures by using 100 keV N ϩ at 5 A and fluences of 2ϫ10 17 ions/cm 2 . The apparent surface hardness and elastic modulus from nanoindentation are well correlated with an asymmetric diffuse peak at around 1500 cm Ϫ1 and a broad band at ϳ700 cm Ϫ1 in the Raman spectra. Both the enhanced strengths and Raman characteristics show very weak Arrhenius-type implantation-temperature dependence with activation enthalpies of approximately 20 meV in the temperature range 223Ϫ1073 K. © 1997 American Institute of Physics. ͓S0003-6951͑97͒01923-2͔
Theoretical predictions have suggested that a hypothetical ␤-C 3 N 4 phase could have bulk modulus, thermal and electronic properties comparable to those of diamond. 1 There have been numerous experiments for the synthesis of this metastable carbon nitride. However, without full understanding of crystallinity and stoichiometry, enhanced mechanical properties and indications of C-N covalent bonding were reported for synthesized carbon-nitrogen compounds. [2] [3] [4] Nitrogen and carbon implantation into amorphous carbon ͑a-C͒ were performed previously 5 to study the feasibility of forming a metastable carbon-nitride phase by energetic collisional cascades. While surface hardness and elastic modulus were found to be enhanced by ion implantation with appropriate implantation parameters, no distinguishable properties were found between nitrogen and carbon ͑self͒ implantations. At a beam current of 50 A and fluence of 2ϫ10 17 N ϩ /cm 2 , a narrow implantation-temperature window was observed in enhanced hardness and modulus, and peaked at around 173 K. The increased ratio of tetrahedral ͑sp 3 ͒ over trigonal ͑sp 2 ͒ carbon sites, measured by electronenergy loss spectroscopy ͑EELS͒, was observed for a-C implanted at 173 K. 5 In this letter, the effects of implantation temperature on hardness, modulus and Raman characteristics are reported for nitrogen implantation into a-C at a lower dose rate ͑N ϩ beam current of 5 A͒. A monotonic behavior on strengths is observed at this lower dose rate.
The a-C substrate ͑or so called glassy carbon͒ had a density of 1.8 g/cm 3 and a thickness of 0.6 mm ͑free-standing wafer͒, with each side mirrorlike polished ͑obtained from Kobe Steel͒. After pre-annealing at 473 K for 20 min in vacuum, each substrate was implanted at 5 A, swept across the 1ϫ1 cm 2 sample with a beam size of about 6 mm in diameter. With an ion dose of 2ϫ10 17 N ϩ /cm 2 , the implantation temperature ranged between 77 and 1073 K. At 100 keV, the projected ion range is about 230 nm. 5 Raman spectroscopy for vibrational characteristics was carried out at room temperature in the near backscattering geometry, using a 488 nm line from an Ar ϩ laser ͑at 200 mW excitation power͒.
A low-load nanoindentation device ͑from Nano Instruments, Inc.͒ was used for the surface hardness and elastic modulus measurements in ion-implanted thin films. Indentation to a depth of 40, 80, 120, and 160 nm induced both plastic and elastic displacements. Therefore, to obtain the contact area ͑A͒ during the loading for the hardness and modulus calculations, the elastic component was subtracted by a line fit to the nonlinear unloading curve, and extrapolating to zero load. The surface hardness and elastic modulus were calculated, respectively, by loadϬA and S/2ϬͱA/, where the stiffness S was the slope in the line fit in the load versus depth unloading curves ͑for details see Refs. 6 and 7͒. For various implantation conditions, indents at a depth of 80 nm were compared systematically, and a minimum of nine indentation traces were performed for each sample. Figure 1 shows the effect of N ϩ implantation on the enhanced surface hardness and elastic modulus in the implantation-temperature range 77-1073 K with 2ϫ10 17 N ϩ /cm 2 at 5 A. The hardness and elastic modulus values are 19.2Ϯ0.5 and 87.8Ϯ0.5 GPa, respectively, implanted at 77 K, while those of the unimplanted a-C substrate are 6.0 Ϯ0.2 and 35.5Ϯ0.3 GPa, respectively. It should be noted that the actual hardness and modulus of the implanted ͑bur-ied͒ layer is higher than the measured apparent values, because the indentation load is influenced from the soft substrate beneath. For implantation temperatures above 223 K, hardness and modulus show Arrhenius-type implantationtemperature dependences, with activation enthalpies of 18 Ϯ3 and 17Ϯ1 meV, respectively. At temperatures below ϳ200 K, relaxation of ion-beam-induced structural defects ͑by 5 A beam current͒ may be suppressed, leading to a flat maximum hardness and modulus in the temperature range 77-173 K. It is interesting to note that extrapolation of hardness and modulus values to higher temperature matches closely to the hardness and modulus of the unimplanted a-C.
Raman spectroscopy was employed to characterize vibrational characteristics for various N ϩ implantation temperatures. The enhanced hardness and modulus at temperaa͒ Corresponding author. Electronic mail: byungwoo.park@mse.gatech.edu tures below 173 K are well correlated with the asymmetric diffuse peak around 1500 cm Ϫ1 , as shown in Fig. 2 . In addition, a diffuse band between 600 and 800 cm Ϫ1 also correlates with the surface mechanical strengths. Single-crystal graphite has a G Raman peak near 1580 cm Ϫ1 , while polycrystalline graphite exhibits another disorder-induced D Raman line at 1360 cm Ϫ1 . While the asymmetric diffuse peak around 1500 cm Ϫ1 ͑high G/D intensity ratio͒ is a characteristic feature for diamondlike carbon, 8 the broad band at ϳ700 cm Ϫ1 has been observed in inert-gas implanted a-C, and was attributed to some form of disorder in the carbon film. 9 Note that the G and D peaks become distinct at hightemperature implantations. The Raman spectra were fitted with four Gaussian peaks ͑positioned at ϳ1580, 1360, 1160, and ϳ700 cm Ϫ1 ), plus a constant background ͑total of 11 fitting parameters͒. The weak diffuse peak at ϳ1160 cm Ϫ1 ͑that may be instrumental͒ seen in all the spectra is found to be essentially independent of implantation conditions. The overall fitted Raman data are shown as solid lines in Fig. 2 . Different line shapes, such as Lorentzian and Breit-WignerFano functions, 10 did not alter the overall fitted parameters notably. Figure 3 shows the implantation-temperature dependences for two Raman characteristics: the intensity ratio between G and D bands, I(G)/I(D͒; and the relative intensity of ϳ700 cm Ϫ1 peak, I(700). It should be noted that the validity of the relationship between I(G)/I(D͒ and graphitic crystallite size breaks down here. 8 A decrease in the D peak intensity represents an increase in disorder, transforming into more sp 3 -bonded a-C. Both of the Raman characteristics in Fig. 3 have very similar temperature behaviors with the mechanical strengths: surface hardness and elastic modulus. In the temperature range 223-1023 K, the activation enthalpies are 9Ϯ2 and 39Ϯ7 meV, respectively, for I(G)/I(D͒ and I(700). It should be noted that the structural-defect profile ͑such as sp 3 over sp 2 ratio for carbon sites͒ varies in depth in the ion-implanted a-C, and the absorption length for Raman spectroscopy varies depending on the microstructure of a-C. So, the measured ͑apparent͒ strengths and Raman characteristics may not result from the same depth.
The origin of this low activation enthalpy-less than 10 Ϫ1 eV-in ion-implanted a-C is yet unclear, while this value is comparable to the difference in cohesive energy between diamond and graphite (Ӎ30 meV/atom͒. At a high implantation temperature, displaced atoms ͑or structural defects͒ causing sp 3 -bonded carbon atoms may relax back to sp 2 configurations. At a low implantation temperature, ionbeam-induced structural defects may not have sufficient mobility to achieve structural relaxation ͑with low thermal energy͒. Similar results are reported by McCulloch and Prawer 10 in glassy carbon ͑1.55 g/cm 3 ) with 50 keV C ϩ . The coupling parameter, as a measure of graphitic order by Raman spectroscopy, showed apparent activation enthalpies of Ӎ0, Ӎ100 and Ӎ300 meV, respectively, in the implantationtemperature ranges of 170-400, 400-600, and 600-800 K. McCulloch and Prawer interpreted these low temperature dependences, Ӎ100 and Ӎ300 meV, in terms of interstitial and vacancy migration ͑motion͒ enthalpies, respectively. While these activation enthalpies are comparable to our current experiments, a direct comparison is not feasible, since the mechanical strengths and Raman characteristics depend on the ion-dose rate, 5 as well as on the initial state of the amorphous ͑or glassy͒ sample.
The apparent ͑measured͒ low activation enthalpy cannot be simply interpreted as a migration enthalpy of vacancylike or interstitial-like point defects in the amorphous ͑or glassy͒ phase, even though the reaction is diffusion-limited. [11] [12] [13] Macroscopic rate equations for the Frenkel-defect kinetics during the ion bombardment 11 cannot be utilized in this case, since the strengths or Raman characteristics do not behave monotonically with the ion-dose rate: 5 The effect of ion-dose rate ͑in the range 3-225 A͒ on the hardness and modulus at a given temperature ͑300 K͒ with 100 keV 2ϫ10 17 N ϩ /cm 2 indicated a dose-rate window for the optimum hardness and modulus. Also, dose-rate and irradiationtemperature windows were observed in ion-beam-induced solid-phase epitaxial growth in silicon. 13 In addition, the nature of structural defects in a-C is less well understood compared to those of amorphous Si. The recently proposed subplantation model by Lifshitz and co-workers 14 for the formation mechanisms of a dense diamondlike phase during hyperthermal carbon deposition may be developed further to explain our experiments.
In conclusion, the enhanced surface hardness and elastic modulus by N ϩ implantation into a-C correlate well with the asymmetric diffuse peak at around 1500 cm Ϫ1 and a broad band at ϳ700 cm Ϫ1 in Raman spectra. Both the surface mechanical properties and Raman characteristics show very weak Arrhenius-type implantation-temperature dependence with activation enthalpies of approximately 20 meV in the temperature range 223-1073 K. Further detailed studies are needed to identify the relaxation mechanisms of structural defects, involved with ion implantation of amorphous carbon.
